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ABSTRACT
We can be biased against observing massive black holes to merge in the local universe as the bounds on
the maximum black hole mass (MmaxBH ) depends on the assumptions regarding the metallicity evolution
of the star forming gas across the cosmic time. We investigate the bounds on the metallicity evolution,
mass distribution and delay times of the binary black hole sources based on the ten observed events
by LIGO. We parametrize MmaxBH to be a function of metallicity which itself is modeled to evolve with
redshift in either a modest or rapid fashion. Rapid metallicity evolution models predict a stringent
bound of MmaxBH = 44
+9
−5 M, while the bound on M
max
BH in the models with modest metallicity evolution is
MmaxBH = 52
+16
−9 M. Therefore, inferring M
max
BH from GW data depends on the assumed metal enrichment
history of the universe that is not severely constrained at the moment.
1. INTRODUCTION
Detection of binary black holes (BBHs) by
LIGO/Virgo has opened a new era in astronomy.
Much effort has been focused on characterizing the
formation scenario of these systems, whether they are
born in the field or assembled dynamically. There have
been studies of the properties of the progenitors of
these systems, largely based on the population synthesis
models which rely on uncertain physics in large parts.
One of the key questions is whether there exists an up-
per mass limit for black holes formed through stellar evo-
lution. The theoretical models anticipate larger black
hole masses to be formed at lower metallicities since
the line-driven winds would be quenched, and there-
fore, a larger mass is available for collapse (Kudritzki
& Puls 2000; Vink et al. 2001; Brott et al. 2011; Fryer
et al. 2012). On the other hand, it is believed that pair-
instability supernovae (PISN) creates a gap in BH mass
distribution, with its location set by the pulsational pair
instability supernovae (PPISN) that consequently de-
termine an upper limit on the most massive BHs that
can potentially form at the lowest metallicities (Heger
et al. 2003; Belczynski et al. 2016; Yoshida et al. 2016;
Woosley 2017; Marchant et al. 2018; Leung, Nomoto &
Blinnikov 2019) due to the mass loss from pulsations
pre-supernovae. This leads to the so-called second mass
gap between ≈ 50 and 135 M for BHs formed from stel-
lar core collapse. Given that the space-time volume that
LIGO is sensitive to probe scales with the primary mass
of the BBH as m5/21 , if there is a cut off at around 50
M, the evidence for this should be there in the LIGO
data.
There has been claims in the literature that the LIGO
data so far suggest the presence of a strong upper mass
cut for the black holes (Fishbach & Holz 2017; Talbot
& Thrane 2018; Roulet & Zaldarriaga 2019). Fishbach
& Holz (2017) conclude MmaxBH = 40 M, and a power law
index of α < 3 based on about 6 early BBH systems
detected by LIGO. Roulet & Zaldarriaga (2019) arrive
at MmaxBH = 41
+25
−10 M and α ≈ 2 by analyzing the ten
observed systems. LIGO collaboration analysis of the
ten events suggests that no more than 1% of black holes
are more massive than 45 M (Abbott et al . et al. 2018).
Moreover, they constrain the power law index of the
primary black hole to be α = 1.6+1.5−1.7(90% credibility).
One caveat that has been missing in the literature
with regards to the MmaxBH is the influence of the metal-
licity evolution of the universe. If black holes close
to the MmaxBH limit are born at the lowest metallicities
of log(Z/Z) < −3, then in order to detect the limit,
we need the universe to have gone through such low
metallicities for enough extended times to provide us
with observables. In other words, if PISN is active at
log(Z/Z) < −3, then if the universe lasted half of its
age at such low metallicities, then we would have ample
evidence for the presence of the upper mass limit. How-
ever, if the universe spent only an insignificant lifetime
at such low metallicities, then there would have been not
much star formation at such low metallicities, and there-
fore, our power to detect the evidence for the presence
of such a mechanism would diminish.
In this paper, we parametrize the distribution of the
BBHs with six different parameters, and investigate the
constraining power in the ten observed events on them.
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2In our model, we tie the maximum black hole mass to the
metallicity of the star forming gas, and we parametrize
the star forming gas metallicity to evolve either rapidly
or slowly with redshift. The MmaxBH is considered to be the
maximum mass born at zero metallicity and therefore
how much time the universe is assumed to have spent at
such low metallicities will determine the expected birth
rate of such massive black holes.
The structure of this paper is as follows: In §2 we de-
scribe our model in terms of how star forming gas metal-
licity evolution enters our calculation to set the maxi-
mum black hole mass, and how the inference procedure
is carried out. In §3 we provide our results, and in §4 we
discuss the caveats present in our model. Throughout
this paper, we assume Planck 2013 cosmology.
2. METHOD
2.1. calculating the merger rate of the BBHs
The BBH formation rate as a function redshift per
comoving volume per source frame time is defined as:
dNform
dm1dm2dt f dVc
= λBBHm−α1 m
−β
2 /C(α, β)ψ(z), (1)
where C(α, β) is the normalization constant given by:
C(α, β) =
∫
m−α1 m
−β
2 dm1dm2 (2)
ψ(z) is the cosmic star formation rate density adopted
from Madau & Dickinson (2014):
ψ(z) = 0.015 (1 + z)
2.7
1 + [(1 + z)/2.9]5.6 M yr
−1 Mpc−3. (3)
Here, λBBH is the currently unknown BBH mass effi-
ciency assumed not to evolve with redshift. The corre-
sponding merger rate is given by:
dNmerge
dm1dm2dtmdVc
=
∫ ∞
tm(zm)
P(tm |t f ) dNformdm1dm2dt f dVc dt f
(4)
P(tm |t f ) is the delay time distribution of the BBHs that
sets the probability of merging after tm of time is past
since the formation of the binary. We set a minimum
delay time, tmin = 1 Myr and impose a maximum delay
time of 10 Gyr.
P(tm |t f ) = t−κm /C(κ) (5)
where C(κ) is the normalization constant given by:
C(κ) =
∫ tmax
tmin
t−κm dt . (6)
Subsequently the merger rate in the detector frame is:
dNmerge
dm1dm2dtddz
=
dNmerge
dm1dm2dtmdV
dVc
dz
1
1 + z
(7)
where the redshift derivative of the comoving volume is
dVc/dz = (4pic/H0)[D2L/(1 + z)2E(z)], where DL is the
luminosity distance to the source, and H0 is the Hubble
constant.
In this framework, Mmin < m2 < m1 < mmax1 , where
Mmin = 5 M and MmaxBH is set by the metallicity as:
mmax1 = (MmaxBH − c)e−bZ(z,γ) + c (8)
with constants b = 6.5, and c = 17.5. This is shown in
the top panel of Figure 1. This parametrization matches
the maximum mass of a blackhole as a function of metal-
licity as derived in Belczynski et al. (2010) when we con-
sider the maximum black hole mass to be 80 M. In later
series of papers, Belczynski et al. (2016) have included
the impact of pair-instability mass loss on black hole
binaries which creates a second mass gap between 50-
150 M for black holes. Our approach here is whether
the presence of PISN could be inferred from the LIGO
BBH systems.
Z(z, γ) defines the metallicity evolution with redshift
that we parametrize in two different ways: The first
model is a metallicity evolution in which the metallicity
drops exponentially with redshift, i.e., Z/Z = e−γz . In
the second model the metallicity is modeled as Z/Z =
(1 + z)−γ where the metallicity evolution is much more
modest. While the impact of metallicity on the LIGO
black holes has been explored recently in other works
(Kovetz et al. 2017; Neijssel et al. 2019), here we ex-
plore its impact on the maximum BH mass that LIGO
would infer.
The bottom panel of Figure 1 shows the different mod-
els for the metallicity evolution of the universe that is
adopted in this work. The metallicity in this work refers
to the star formation rate weighted metallicity of the gas
in the galaxies in which the BBHs are born.
From observational perspective, metallicity studies
of damped Lyman alpha (DLA) systems at high red-
shifts suggest a modest evolution at redshifts between
1.5 − 5 (Pettini et al. 1997; Prochaska & Wolfe 2000;
Cen et al. 2002; Kulkarni & Fall 2002; Prochaska et al.
2003; Berg et al. 2016). If the star forming gas metallic-
ity evolves in a similar manner, then low values of γ in
our parametrization would be the closest model to the
observed metallicity evolution.
The observed BBH merger rate is:
dNobs
dm1dm2dtddz
=
dNmerge
dm1dm2dtddz
Pdet(m1,m2, z), (9)
where Pdet(m1,m2, z) is the detection probability of a
BBH with masses of m1,m2, at redshift z. We note that
in this work we have assumed the mergers come from
the same formation channel, and as such would follow
the same λBBH parameter.
2.2. inference analysis
To perform our inference analysis, we proceed as fol-
lows: Our model has 6 parameters that we fit for
θ=(λBBH ,α, β, γ, κ,MmaxBH ). The posterior distribution of
these parameters given the data is:
P(θ |data) = P(data|θ)P(θ) (10)
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Figure 1. Top panel: the parametrized maximum black hole
mass as a function of metallicity. The blue line shows the
results of Belczynski et al. (2010). The green and red lines
show the parametrized Mmax
BH
curves when the Mmax
BH
is set
to 80, and 40 M respectively. Bottom panel: two different
metallicity evolution models adopted in this work, one that
drops exponentially with redshift (solid lines), and a power-
law model (dashed lines).
The prior on our parameter is such that they are
bound between 1 < α, β, γ, κ < 4, and 30 < MmaxBH /M <
100. We approximate P(data|θ) which we call for brevity
P(d |θ) as follow: For each BBH event i, we have
the P(mi1,mi2, zi |di) from the waveform analysis done by
LIGO team. We have
P(mi1,mi2, zi |di) = P(di |mi1,mi2, zi)P(mi1,mi2, zi) (11)
and
P(di |θ) = P(di |mi1,mi2, zi)P(mi1,mi2, zi |θ) (12)
where by combining the last two equations we arrive at
P(di |θ) ∝ P(mi1,mi2, zi |di)P(mi1,mi2, zi |θ) (13)
Therefore, to compute P(di |θ), we draw Nsample of
(m j1,m j2, z j)i pairs from the posterior P(mi1,mi2, zi |di) and
calculate P(m j1,m j2, z j |θ). For each event i, we have
P(di |θ) = 1/Nsample
j=Nsample∑
j=0
dNmerge
dm1dm2dtddz
(m j1,m j2, z j)i |θ
(14)
The posterior distribution from Nobs events is:
P(θ |d) ∝ e−Neff |θ
i=Nobs∏
i=1
P(di |θ), (15)
where Neff |θ is the expected number of events given θ
defined as :
Neff |θ =
∫ MmaxBH
5
∫ m1
5
∫ ∞
0
∫ tobs
0
dNobs
dm1dm2dtddz
|θ dm1dm2dzdt
(16)
Where tobs is the total observing time by LIGO in O1
and O2 runs.
3. RESULTS
Figure 2 shows the posterior distribution for the six
parameters of our model when the metallicity evolution
is modeled as Z/Z = e−γz . The median BBH efficiency
is predicted to be ≈ 2 × 10−7/M. This birth rate is
robust and is not affected by our metallicity evolution
parametrization. However, we note that we have as-
sumed λBBH to be constant in this work, but BBH for-
mation is intrinsically tied to this parameter through the
wind mass loss. So the reader should note that the infer-
ences on λBBH in this work is with the prior assumption
that λBBH is non-evolving with redshift itself.
While the simulation can not put stringent constraints
on α, β, and γ, one can say large values for β, and
small values of γ are disfavored. The posterior on κ is
suggestive of a shallow slope and therefore a preference
for long delay times for the BBHs. The anti-correlation
between the birth efficiency λBBH , and κ is due to the
fact that if a model with long delay times is chosen,
then it should be balanced out with lower birth rate
efficiency since long delays increase the number density
of the BBH mergers in the local universe. Of all the
parameters in our model, it is the MmaxBH that is very well
constrained to be MmaxBH = 44
+9
−5 in this model.
Figure 3 shows the same results but for the model
with metallicity evolution modeled as Z/Z = (1 + z)γ.
It appears that all the parameters expect MmaxBH have the
same posterior distribution. The bounds on the MmaxBH
that is less constrained and is MmaxBH = 52
+16
−9 . Not only
the median value is larger, but the upper bound extends
to a much larger value.
4The impact of the assumptions about the metallicity
evolution on the MmaxBH should be understood as follows:
In our model, the maximum black hole mass enters our
calculation in a non-trivial manner. MmaxBH sets the maxi-
mum mass that a black hole can have at zero metallicity.
If in one model, the metallicity evolution is modest, and
barely touches very low metallicities, then to explain the
LIGO black holes one needs to push the MmaxBH to large
values to open the room for the model to fit the mas-
sive LIGO systems such as GW170729, and GW170823.
This is the case when the metallicity evolution follows
(1 + z)−γ. However, if the universe spends much of its
cosmic time at very low metallicities, then one can easily
explain GW170729 and GW170823 by the star forma-
tion at high redshifts. The idea can be best seen in the
anti-correlation between γ and MmaxBH in Figure 3: Large
values of γ which translate into a faster drop in metal-
licity, leads to lower values of MmaxBH and vice versa.
A different perspective on our results is provided in
Figure 4. In the left panel the thin black lines show pos-
terior draws from the MmaxBH and γ from the model with
exponential metallicity evolution with redshift. The
thick red line shows the median predicted evolution. For
each of the ten observed BBH systems, we show the
bounds on the mass and redshift of the primary (more
massive) black hole. We are not fitting these data points,
we are showing them to be compared to the maximum
possible black holes that could be formed above a certain
redshift range, such that after a delay time they merger
in the local universe. The right panel shows the same
but for the model with power-law metallicity evolution
with redshift.
The left panel of Figure 5 shows the bounds on the
metallicity evolution itself in the two models. The solid
lines and the shaded region of the same color show the
median and the 16th-84th percentile range for the each
of the metallicity models. The evolution shown with
blue is more consistent with the observations of the DLA
systems at high redshifts which suggest a modest evo-
lution of their metallicity with redshift (Pettini et al.
1997; Prochaska & Wolfe 2000; Cen et al. 2002; Kulka-
rni & Fall 2002; Prochaska et al. 2003; Berg et al. 2016).
Right panel of Figure 5 shows the posterior BBH
merger rate as a function of redshift for the model
with Z/Z ∝ e−γz (red shaded region showing the 16th-
84th percentile range. The blue line and shaded region
show the same for the model with metallicity evolution
parametrized as ∝ (1 + z)−γ. The dashed black line is
the λBBHψ(z), which shows what the merger rate would
be if there is no delay time for the BBHs. The different
metallicity evolution models did not have a discernible
impact on the merger rate of the binaries, and therefore
on the maximum mass would be the best probe of the
metallicity evolution in this picture.
4. SUMMARY & DISCUSSION
Our results can be summarized as follows: If maxi-
mum black hole mass is set at close to zero metallicity,
then in order to infer it from data, it is crucial to have a
large part of the cosmic time to have a metallicity close
to zero to generate BBH systems that can probe the
mass limit. In other words, if for example, we lived in
a universe in which the metallicity never dropped below
0.1 Z, then there would have been little hope to con-
strain a parameter that requires probing metallicities
close to 10−4Z. In our two models, one prescription
of the metallicity evolves rapidly with redshift and the
other evolves rather smoothly. The bounds on the MmaxBH
are much more stringent in the model with a rapid drop
of metallicity with redshift (i.e., Z ∝ eγz), compared to
the model in which metallicity is modeled as Z ∝ (1+z)−γ
.
Similarly, if we lived in a universe in which the very
heavy black holes tend to be born in close binaries,
and therefore merger rapidly, then we would be bi-
ased against finding them in the local universe. Such
a parametrization is not considered in this work, but
it would have resulted in the same conclusions that we
have reached so far.
Therefore, any claim as to the presence of an upper
limit on the MmaxBH should be taken with the caveat that
we can be easily biased against them, and the bound on
the MmaxBH depends on our assumptions with regard to (i)
how these systems are born (metallicity range) and how
does the universe on average evolve in metallicity, and
(ii) whether the more massive systems tend to cluster
in a parameter space in delay times that we would be
biased against them.
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